1. Introduction {#s0005}
===============

Despite the advances made in cancer treatment, there are subsets of patients who do not respond to conventional chemotherapy treatment paradigms or who have disease-related relapse. Recently researchers have focused on the role that the immune system plays in cancer control. While previous conceptions of cancer were based on the proliferation of a single, clonal, disordered cell, an important hallmark of cancer is now accepted to be the evasion of cancer cells from immune destruction \[[@bb0005],[@bb0010]\]. It is now appreciated that the interaction between cancer cells and immune cells within the microenvironment is the basis for cancer cell escape from immune surveillance. In an effort to address this issue, cancer immunotherapy has emerged as a treatment modality for various malignancies. Cancer immunotherapy is based on generating strategies to exploit the mechanisms that govern the interplay between cancer cells and immune cells within the microenvironment. This mini-review will provide background into the discovery of important biomarkers in current major cancer immunotherapy modalities including immune checkpoint blockade and chimeric antigen receptor (CAR) T cell therapy. Additionally, we will provide an overview of existing cutting-edge methodologies used in biomarker discovery, highlight the advantages of utilizing each method, and discuss current and future directions for biomarker discovery.

2. Immune Checkpoint Therapy {#s0010}
============================

Immune checkpoint molecules function to prevent autoimmunity and tissue damage during pathogenic infection. These molecules are inhibitory receptors expressed on the surfaces of T cells and tumor cells, and mediate the functional interaction between these cells \[[@bb0015]\]. In a process referred to as adaptive immune resistance, engagement of immune checkpoint molecules on T cells by tumor cells suppresses the cytotoxic capacity of T cells and enables tumor cells to escape cytotoxicity \[[@bb0020],[@bb0025]\]. Extrinsic T cell immune-inhibition involves the secretion of inhibitory molecules such as TGF-β, IL-10, and indoleamine 2,3-dioxyenase (IDO). This process decreases cytotoxic T lymphocyte function, and decreases the recruitment of anti-inflammatory cells, regulatory T cells (Treg) and myeloid derived suppressor cells (MDSC) \[[@bb0030],[@bb0035]\]. Evidence has emerged that cancers can be further categorized into two distinct tumor types: immunologically-ignorant and immunologically-responsive tumors \[[@bb0035]\]. Immunologically-ignorant tumors have low mutation load, are immune tolerant against self-antigens, and lack of infiltrating T cells \[[@bb0030]\]. Immunologically-responsive tumors, on the other hand, have a plethora of infiltrating T cells which in turn reflects intrinsic T cell immune-inhibition and extrinsic tumor-related T cell immunosuppression \[[@bb0040]\]. The process of T cell immune-inhibition is mediated through immune checkpoint molecule activation. These immune checkpoint molecules include cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), programmed cell death 1 (PD-1), T cell immunoglobulin mucin-3 (Tim-3) and lymphocyte-activation gene 3 (LAG-3) \[[@bb0030],[@bb0045],[@bb0050]\]. This review will focus on the CTLA-4 and PD-1/PD-L1 checkpoints given their advanced clinical development and relevance. TIGIT (T cell immunoreceptor with Ig and ITIM domains) is an inhibitory immune checkpoint molecule that has recently emerged in the field of immunotherapy. TIGIT is expressed on immune cells including regulatory T cells (Tregs) and natural killer (NK) cells \[[@bb0055], [@bb0060], [@bb0065], [@bb0070]\]. An increased TIGIT/CD226 expression ratio on Tregs has been associated with reduced cytokine production and poor survival in multiple cancer models, including acute myeloid leukemia (AML), glioblastoma multiforme (GBM), and melanoma \[[@bb0055], [@bb0060], [@bb0065], [@bb0070]\]. [Table 1](#t0005){ref-type="table"} provides a summary of the biomarkers studied that are associated with clinical response in immune checkpoint blockade of both CTLA-4 and PD-1. [Fig. 1](#f0005){ref-type="fig"} provides an overview regarding the mechanisms involved in regulating the functional interaction between immune cells and tumor cells. [Table 2](#t0010){ref-type="table"} provides a summary of the cancer immunotherapies approved by the United States Food and Drug Administration (FDA). [Table 3](#t0015){ref-type="table"} provides a summary of the cutting-edge technologies that are currently being utilized in the discovery and validation of immunotherapeutic biomarkers.Table 1Summary of biomarkers associated with cancer immunotherapy biomarkers.Table 1BiomarkersClinical correlationReferencesT cell immunoreceptor with Ig and ITIM domains (TIGIT)•Increased TIGIT/CD226 expression ratio associated with poor survival in AML, BGM, melanoma•Fourcade J, Sun Z, Chauvin JM, et al. CD226 opposes TIGIT to disrupt Tregs in melanoma\[published online ahead of print, 2018 Jul 25\]. *JCI Insight*. 2018;3(14):e121157.  CTLA-4 blockadeTumor infiltrating lymphocytes (TIL)•Presence of TIL associated with positive clinical response in melanoma patients•Ruffini E, Asioli S, Filosso PL, et al. Clinical significance of tumor-infiltrating lymphocytes in lung neoplasms. Ann Thorac Surg 2009; 87: 365--371.•Increase in granzyme B, a surrogate of CD8 effector function, associated with positive clinical response in melanoma patientsAbsolute lymphocyte count (ALC) and absolute neutrophil count (ANC)•Increased neutrophil-to-lymphocyte ratio (NLR) prior to anti-CTLA-4 therapy associated with poor prognosis•Zaragoza J, Caille A, Beneton N, et al. High neutrophil to lymphocyte ratio measured before starting ipilimumab treatment is associated with reduced overall survival in patients with melanoma. Br. J. Dermatol., 174;2016:146--151.•Neutrophilia and eosinophilia associated with increased risk of colitis in anti-CTLA-4 therapy•Maleki Vareki S, Garrigós C, Duran I. Biomarkers of response to PD-1/PD-L1 inhibition. Crit Rev. Oncol Hematol. 2017;116:116--124.Inducible co-stimulator (ICOS)•Increase in CD4^+^ICOS^+^ T cell expression associated with improved survival outcomes•Manson G, Norwood J, Marabelle A, et al. Biomarkers associated with checkpoint inhibitors. Annals of Oncology, Oxford University Press (OUP), 2016; 27 (7):1199--1206.T cell repertoire (TCR)•Increased TCR diversity associated with decreased rates of overall survival•Maleki Vareki S, Garrigós C, Duran I. Biomarkers of response to PD-1/PD-L1 inhibition. Crit Rev. Oncol Hematol. 2017;116:116--124.Tumor associated antigens (TAA)•NY-ESO-1 associated with improved clinical outcomes in small cohorts of melanoma patients•Weide B, Zelba H, Derhovanessian E, et al. Functional T cells targeting NY-ESO-1 or Melan-A are predictive for survival of patients with distant melanoma metastasis. J Clin Oncol. 2012;30(15):1835--41.•Melan-A associated with improved survival outcomes in melanoma and prostate cancer patientsMyeloid derived suppressor cells (MDSC)•Decreased MDSC frequency associated with improved survival outcomes•Meyer C, Cagnon L, Costa-Nunes CM, et al. Frequencies of circulating MDSC correlate with clinical outcome of melanoma patients treated with ipilimumab. Cancer Immunol Immunother. 2014;63(3):247--57.Regulatory T cells (Treg)•Soluble CD25 associated with poor clinical outcome•deLeeuw RJ, Kost SE, Kakal JA, Nelson BH. The prognostic value of FoxP3+ tumor-infiltrating lymphocytes in cancer: a critical review of the literature. Clin Cancer Res. 2012;18(11):3022--9.•Hannani D, Vétizou M, Enot D, et al. Anticancer immunotherapy by CTLA-4 blockade: obligatory contribution of IL-2 receptors and negative prognostic impact of soluble CD25. Cell Research. 2015;25(2):208--224.•CD4^+^FOXP3^+^CD25^hi^ associated with poor clinical outcome•No consensus on which Treg subset should be monitored in anti-CTLA-4 therapyIndoleamine 2,3-Dioxygenase (IDO)•Increased IDO expression associated with improved clinical outcomes•Hamid O, Schmidt H, Nissan A, et al. A prospective phase II trial exploring the association between tumor microenvironment biomarkers and clinical activity of ipilimumab in advanced melanoma. J Transl Med 2011;9:204.Microbiome profile•Animal models transplanted with either *Bacteroides species* or *Bifidobacterium* exhibited improved T cell activation and favorable response to anti-CTLA-4 therapy•Vétizou M, Pitt JM, Daillère R, et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science (New York, NY). 2015;350(6264):1079--1084.  PD-1/PD-L1 blockadePD-L1 expression•PD-L1 expression is currently the most commonly used predictive biomarker in anti-PD-1 therapy•Patel, SP, Kurzrock, R. PD-L1 Expression as a Predictive Biomarker in Cancer Immunotherapy. Mol Cancer Ther April 12,015 (14) (4) 847--856.•Increased PD-L1 expression is associated with improved response•Brody, R, Zhang, Y, Ballas, M, et al. PD-L1 expression in advanced NSCLC: Insights into risk stratification and treatment selection from a systematic literature review. Lung Cancer. 2017 Oct;112:200--215.ALC and ANC•Further studies needed to determine the predictive or prognostic value in anti-PD-1 therapy•Lin G, Liu Y, Li S, et al. Elevated neutrophil-to-lymphocyte ratio is an independent poor prognostic factor in patients with intrahepatic cholangiocarcinoma. Oncotarget. 2016;7:50963--50971.TIL•Increase in granzyme B, a surrogate of CD8 effector function, associated with positive clinical response in melanoma patients•Ruffini E, Asioli S, Filosso PL, et al. Clinical significance of tumor-infiltrating lymphocytes in lung neoplasms. Ann Thorac Surg 2009; 87: 365--371.•Further studies needed to determine the predictive or prognostic value of TIL for other malignanciesPeripheral blood markers•Overexpression of IFN-γ associated with clinical response in melanoma, no association reported in non-small cell lung carcinoma (NSCLC) or renal cell carcinoma (RCC)•Martens A, Wistuba-Hamprecht K, Foppen MG, et al. Baseline peripheral blood biomarkers associated with clinical outcome of advanced melanoma patients treated with ipilimumab. Clinical cancer research: an official journal of the American Association for Cancer Research. 2016;22(12):2908--2918.•Krieg C, Nowicka M, Guglietta S, et al. High-dimensional single-cell analysis predicts response to anti-PD-1 immunotherapy. Nat Med. 2018;(2):144--153.•No association with inducible T-cell alpha chemo-attractant (ITAC) and IL-18 production and clinical response•Presence of classical monocytes (CD14^+^CD16^−^) associated with higher amounts of ICAM-1 and HLA-DR, which are both associated with positive clinical responseIDO•Increased IDO expression associated with improved clinical outcomes in melanoma, but not NSCLC or RCC•McNamara MJ, Hilgart-Martiszus I, Barragan Echenique DM, et al. Interferon-gamma production by peripheral lymphocytes predicts survival of tumor-Bearing mice receiving dual PD-1/CTLA-4 blockade. Cancer Immunol. Res. 2016;21:650--657.•Combination of anti-PD-1 and anti-IDO-1 therapy did not show improved progression-free survival in metastatic melanoma patientsMutational load•High mutational load associated with positive clinical response in melanoma, NSCLC, bladder cancer, and colorectal cancer•Rooney MS, Shukla SA, Wu CJ, et al. Molecular and genetic properties of tumors associated with local immune cytolytic activity. Cell. 2015;160: 48--61.•High mutational load associated with higher progression-free and overall survival rates in NSCLC and SCLC patients receiving combination nivolumab+ipilimumab•Hellmann MD, Callahan MK, Awad MM, et al. Tumor Mutational Burden and Efficacy of Nivolumab Monotherapy and in Combination with Ipilimumab in Small-Cell Lung Cancer. Cancer Cell. 2018 May 14;33(5):853--861.e4.Mismatch repair deficiency (mmrd)•MMRD increases immunogenicity in hereditary non-polyposis colorectal cancer (HNPCC)•Le DT, Uram JN, Wang H, et al. PD-1 blockade in tumors with mismatch-Repair deficiency. N. Engl. J. Med. 2015;372:2509--2520.•Lee V, Murphy A, Le DT, Diaz Jr., LA. Mismatch repair deficiency and response to immune checkpoint blockade. Oncologist. 2016;21:1200--1211.TCR•Increased T cell clonality (less diversity) associated with positive clinical response•Maleki Vareki S, Garrigós C, Duran I. Biomarkers of response to PD-1/PD-L1 inhibition. Crit Rev. Oncol Hematol. 2017;116:116--124.Microbiome profile•The presence of *A. muciniphila* commensal is associated with favorable outcome in NSCLC and RCC•Routy B, Le Chatelier E, Derosa L, et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science. 2018;359(6371):91--97.•Gopalakrishnan V, Spencer CN, Nezi L, et al. Gut microbiome modulates response to anti--PD-1 immunotherapy in melanoma patients. Science. 2018;359(6371):97--103.•Matson V, Fessler J, Bao R, et al. The commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma patients. Science. 2018;359(6371):104--108.•Chowell D, Morris LGT, Grigg CM, et al. Patient HLA class I genotype influences cancer response to checkpoint blockade immunotherapy. Science. 2018; 2;359(6375):582--587.•High concentrations of *Ruminococcaceae*/*Faecalibacterium* are associated with enhanced anti-tumor immune responses in melanoma patients undergoing anti-PD-1 therapy•High concentrations of *Enterococcus faecium*, *Collinsella aerofaciens*, *Bifidobacterium adolescentis*, *Klebsiella pneumoniae*, *Veillonella parvula*, *Parabacteroides merdae*, *Lactobacillus sp*., and *Bifidobacterium longum* commensal are associated with positive response to anti-PD-1 therapy•The presence of *Ruminococcus obeum* and *Roseburia intestinalis* commensal associated with poor response to anti-PD-1 therapyHuman leukocyte antigen class I (HLA---I) genotype•HLA-I loci heterozygosity associated with improved survival than homozygosity for one or more HLA-I genes•Snary, D. Barnstable, CJ, Bodmer, WF, et al. Molecular structure of human histocompatibility antigens: The HLA-C series. Eur. J. Immunol. 1977;7:580--585.•HLA-B homozygosity and loss of heterozogosity (LOH) at HLA-I associated with decreased overall survival•HLA-I homozygosity and LOH at HLA-I associated with decreased response to immunotherapy•Marsh, SG, Parham, P, Barber, LD. The HLA Factsbook. Academic Press, 1999.•HLA-I homozygosity and low mutational load associated with decreased overall survival•Bobisse S, Foukas PG, Coukos G, Harari A. Neoantigen-based cancer immunotherapy. Annals of Translational Medicine. 2016;4(14):262.Mutational load and increased neoantigen (neoAg) frequency•Presence of mutational load and increased neoAg frequency associated with clinical response in melanoma and NSCLC undergoing both anti-CTLA-4 and anti-PD-1 therapies•Maleki Vareki S, Garrigós C, Duran I. Biomarkers of response to PD-1/PD-L1 inhibition. Crit Rev. Oncol Hematol. 2017;116:116--124.NeoAg-reactive CD4+ and CD8+ T cells•Presence of neoAg-reactive CD4+ and CD8+ T cells associated with improved clinical response•Bobisse S, Foukas PG, Coukos G, Harari A. Neoantigen-based cancer immunotherapy. Annals of Translational Medicine. 2016;4(14):262.NK cell frequency•Increased NK cell frequency is a positive prognostic factor in patients with metastatic prostate cancer, colorectal carcinoma, and melanoma•Böttcher JP, Bonavita E, Chakravarty P, et al. NK Cells Stimulate Recruitment of cDC1 into the Tumor Microenvironment Promoting Cancer Immune Control. *Cell*. 2018;172(5):1022--1037.e14.Ki-67 Expression on PD-1^+^ CD8 T Cells•Increased Ki-67 expression on PD-1+ CD8 T cells is a positive prognostic factor for treatment response•Kamphorst AO, Pillai RN, Yang S, et al. Proliferation of PD-1+ CD8 T cells in peripheral blood after PD-1-targeted therapy in lung cancer patients. Proc Natl Acad Sci U S A. 2017;114(19):4993--4998.Signatures of T cell dysfunction and exclusion (TIDE)•High T cell dysfunction is a predictive biomarker for poor immunotherapy treatment response•Jiang P, Gu S, Pan D, et al. Signatures of T cell dysfunction and exclusion predict cancer immunotherapy response. Nat Med. 2018 Oct;24(10):1550--1558.•SERPINB9 is a predictive biomarker for poor immunotherapy treatment response  Anti-CD19 chimeric antigen receptor (CAR) T cell therapyPolyfunctional CAR T Cells•TNF-α^+^IFN-γ^+^ polyfunctional T cells delay tumor relapse•Lin Y, Gallardo HF, Ku GY, et al. Optimization and validation of a robust human T-cell culture method for monitoring phenotypic and polyfunctional antigen-specific CD4 and CD8 T-cell responses. Cytotherapy. 2009;11(7):912--22.IL-6/STAT3•Associated with CAR T cell expansion and complete response in chronic lymphocytic leukemia (CLL)•Fraietta JA, Lacey SF, Orlando EJ, et al. Determinants of response and resistance to CD19 chimeric antigen receptor (CAR) T cell therapy of chronic lymphocytic leukemia. Nat Med. 2018.Upregulation of programs involved in effector differentiation, glycolysis, exhaustion, and apoptosis•Associated with no response to CAR T cell therapy in CLL•Fraietta JA, Lacey SF, Orlando EJ, et al. Determinants of response and resistance to CD19 chimeric antigen receptor (CAR) T cell therapy of chronic lymphocytic leukemia. Nat Med. 2018.Fig. 1Mechanisms of immune checkpoint regulation.CTLA-4 and PD-1/PD-L1 are immune checkpoint molecules present on the surfaces of activated T cells. CTLA-4 competes for B7 ligands (CD80 and CD86) with CD28, a costimulatory molecule, and attenuate T cell proliferation and activation. When PD-1 binds to its corresponding ligand, PD-L1, on the tumor cell surface, this results in T cell exhaustion. PD-L1 expression induced on antigen-presenting cells may also suppress T-cell responses by binding to CD80 on T cells. Myeloid derived suppressor cells (MDSC) and regulatory T cells (Tregs) are key immunosuppressive cells of the immune system that promote cancer progression to limit antitumor T cell immunity through a number of contact-dependent and independent mechanisms. CTLA-4 expressed on Tregs is crucial for their suppressive activity. PD-L1+ MDSCs and PDL1+ Tregs are likely another major source of PD-L1 that inhibits T cell activation and function.Fig. 1Table 2Summary of United States food and drug administration (FDA) approvals for cancer immunotherapy.Table 2ImmunotherapyClinical indicationAnti-CTLA-4 therapy•Metastatic melanoma (2011)- Ipilimumab (Yervoy)Anti-PD-1 therapy•Metastatic melanoma (2014)- Nivolumab (Opdivo)•Advanced or metastatic non-small cell lung cancer with progression within 12 months or refractory to platinum-based chemotherapy (2015)•Metastatic melanoma without *BRAF*V600 mutation in combination with ipilimumab therapy (2015)•Metastatic nonsquamous non-small cell lung cancer refractory to platinum-based chemotherapy (2015)•*ALK* or *EGFR* mutation with progression of cancer during conventional therapy (2015)•Advanced renal cell carcinoma refractory anti-angiogenic therapy (2015)•Metastatic melanoma irrespective of *BRAF* mutation in combination with ipilimumab therapy (2016)•Unresectable or *BRAF* positive metastatic melanoma (2016)•Relapsed Hodgkin lymphoma following autologous hematopoietic stem cell transplantation (2016)•Metastatic or relapsed head and neck squamous cell carcinoma refractory to platinum-based chemotherapy (2016)•Advanced or metastatic bladder cancer refractory to platinum-based chemotherapy, or within 12 months of adjuvant chemotherapy (2017)Anti-PD-1 therapy•Metastatic melanoma (2014)- Pembrolizumab (Keytruda)•*ALK* or *EGFR* mutation with progression of cancer during conventional treatment (2015)•Metastatic non-small lung cancer expressing PD-1 refractory to platinum-based chemotherapy (2015)•Metastatic or relapsed head and neck squamous cell refractory to platinum-based chemotherapy (2016)•Metastatic non-small lung cancer without *ALK* or *EGFR* mutation (2016)•Hodgkin lymphoma refractory to conventional therapy (2017)•Metastatic nonsquamous non-small cell lung cancer in combination with carboplatin and pemetrexed chemotherapy (2017)•Advanced or metastatic bladder cancer in patients for whom cisplatin chemotherapy is contraindicated (2017)•Advanced or metastatic bladder cancer refractory to platinum-based chemotherapy, or within 12 months of adjuvant chemotherapy (2017)•Metastatic or unresectable solid tumor with mismatch repair deficiency, including hereditary non-polyposis colorectal cancer (2017)Anti-PD-L1 therapy•Advanced or metastatic bladder cancer refractory to platinum-based chemotherapy or within 12 months of adjuvant chemotherapy (2016)- Atezolizumab (Tecentriq)•Metastatic non-small cell lung cancer refractory to platinum-based chemotherapy (2016)•*ALK* or *EGFR* mutation with progression of cancer during conventional therapy (2016)•Advanced or metastatic bladder cancer in patients for whom cisplatin therapy is contraindicated (2017)Anti-PD-L1 therapy•Metastatic Merkel cell carcinoma (2017)- Avelumab (Bavencio)•Advanced or metastatic bladder cancer refractory to platinum-based chemotherapy or within 12 months of adjuvant chemotherapy (2017)Anti-PD-L1 therapy•Advanced or metastatic bladder cancer refractory to platinum-based chemotherapy or within 12 months of adjuvant chemotherapy (2017)- Durvalumab (Imfinzi)CAR T Cell therapy•Relapsed or refractory diffuse large B cell lymphoma (2017)- Tisagenlecleucel (Kymriah)•Acute lymphoblastic leukemia (2017)•Non-Hodgkin lymphoma (2018)Table 3Summary of technologies used to discover biomarkers in cancer immunotherapy.Table 3TechnologyIndicationsWhole exome sequencing•Assessing mutational load for anti-CTLA-4 and anti-PD-1 therapy•Identifying neoantigens recognized by CD8^+^ T cellsGene expression technology•Identifying intrinsic and extrinsic immunosuppressive molecules•Identifying gene expression profiles•Optimal use of this technology involves integrating results obtained from other technologiesEpigenomics•Assessing interaction of histone modifications and DNA methylation•More studies needed to validate epigenomics as a tool to identify biomarkers for immunotherapyProteomics•Analyzing chemokines, cytokines, and soluble factors•Identifying tumor associated antigens (TAA) and their antibodies•Advantages include less sample volume utilized for testing, improved sensitivity and specificity, and improved high-dimensional data generationFlow cytometry•Analyzing phenotype and function of immune cells utilizing multiple probes•Limited by fluorescence spectral overlapMass cytometry•Simultaneously identify multiple and more biomarkers than flow cytometry•Measuring immune cell phenotypes•Limited by slow collection speed, low recovery of cells in the instrument, and high expenseB and T cell immunosequencing•Quantifying B and T cells with high sensitivity and reproducibility•Assessing TIL clonality which in turn may help to identify patients who may respond to anti-PD-1 therapy in melanomaMultiplexed and multicolored immunohistochemistry•Investigating sample phenotype, positivity/negativity counts and H-scoring, density measurements, and spatial point pattern analyses•Investigating role and function of regulatory T cells (Tregs) in anti-CTLA-4 therapy•Investigating density of CD8^+^ T cell infiltrates in melanoma patients undergoing anti-PD-1 therapy•Advantages include allowing for the simultaneous detection of multiple biomarkers•Limited by sampling size, sampling time, and expenseRadiomics•Patients with a high radiomic score, or high CD8 score, were associated with positive treatment response and overall survival

3. Biomarkers for Cytotoxic T Lymphocyte-Associated Antigen 4 (CTLA-4) Checkpoint Therapy {#s0015}
=========================================================================================

CTLA-4, the first intrinsic immune checkpoint molecule discovered in 1987, is expressed exclusively on T cells, regulates T cell activation, and inhibits CD28 activity \[[@bb0075]\]. CTLA-4 blockade results in helper T cell-dependent enhancement of Treg suppressive function \[[@bb0015]\]. Further investigations into the function of CTLA-4 led to the discovery that CTLA-4 checkpoint blockade eliminated tumors and in 2011 subsequent approval of ipilimumab by the United States Food and Drug Administration (FDA) for the treatment of advanced melanoma \[[@bb0080]\].

3.1. Tumor Infiltrating Lymphocytes (TIL) {#s0020}
-----------------------------------------

In a study of lung tumors, Ruffini, et al. reported that the presence of lymphocytes within tumor could serve as a favorable prognostic biomarker of immunotherapeutic blockade \[[@bb0085],[@bb0090]\]. In patients with metastatic melanoma treated with anti-CTLA-4 therapy, TIL increase at baseline and at 3 weeks after anti-CTLA-4 therapy was associated with clinical response \[[@bb0085],[@bb0090]\]. Granzyme B, a surrogate of CD8 effector function, was increased in metastatic melanoma patients who were found to have a positive response to anti-CTLA-4 \[[@bb0085]\]. Further discussion into TIL as a biomarker in cancer immunotherapy will be discussed in the sections on PD-1 biomarkers and immunosequencing technology.

3.2. Absolute Lymphocyte Count (ALC) and Absolute Neutrophil Count (ANC) {#s0025}
------------------------------------------------------------------------

The mechanism of ipilimumab in treating cancer involves removing the "brake" on antigen specific T cell proliferation. Since ipilimumab increases T cell proliferation, quantifying the ALC and the ANC could be potential biomarkers. ALC in particular contains a heterogeneous lymphocyte population. A prospective study of 720 patients with metastatic melanoma receiving ipilimumab therapy revealed that ANC levels greater than or equal to 7500 were associated with decreased OS and PFS \[[@bb0090]\]. Zaragoza, et al. found that patients with high neutrophil-to-lymphocyte ratios (NLR) prior to anti-CTLA-4 therapy was associated with poor prognosis \[[@bb0100]\]. This is consistent with previous reports associating high NLR to poor clinical outcomes in patients with other malignancies \[[@bb0090],[@bb0105]\]. Concurrently neutrophilia and eosinophilia was noted in patients who suffered complications of colitis related to their ipilimumab therapy \[[@bb0090],[@bb0105]\]. Yet NLR can potentially be a prognostic biomarker prior to immune checkpoint blockade therapy. It should be noted that at least one study done by Schindler, et al. found that an isolated increased ALC in metastatic melanoma patients receiving anti-CTLA-4 therapy found that ALC was not predictive of clinical response \[[@bb0110]\].

3.3. Inducible Co-Stimulator (ICOS) {#s0030}
-----------------------------------

ICOS is expressed on the cell surface of activated T cells and is involved with both T cell expansion and survival \[[@bb0030],[@bb0090],[@bb0095],[@bb0105]\]. In bladder cancer, breast cancer, and mesothelioma patients treated with anti-CTLA-4 therapy, there was a noted increase in CD4^+^ICOS^+^ T cell expression \[[@bb0030]\]. These patients were also observed to have an increased frequency of CD4^+^ICOS^+^ T cells following 12 weeks of treatment with subsequent improved clinical response and OS \[[@bb0030]\]. Increased frequency of CD4^+^ICOS^+^ T cell expression in conjunction with anti-CTLA-4 therapy may be a potential biomarker for monitoring clinical response \[[@bb0090],[@bb0095],[@bb0105]\].

3.4. T Cell Repertoire (TCR) {#s0035}
----------------------------

The human T-cell receptor (TCR) repertoire maintains pathogenic control and autoimmunity. Schindler, et al. performed a retrospective review of metastatic melanoma patients treated with ipilimumab that revealed an association between high response rate in those patients who displayed a more diverse TCR repertoire \[[@bb0110]\]. Conversely a study of both metastatic melanoma and prostate cancer patients on ipilimumab therapy found that those patients with increased TCR diversity had decreased rates of overall survival compared with those patients who were found to have stable T cell clonotypes \[[@bb0105]\]. Another study of metastatic melanoma patients treated with anti-CTLA-4 therapy revealed an expanded CD8+ T cell response, but this response was not associated with improved clinical responses \[[@bb0090]\]. Tumeh, et al. observed that metastatic melanoma patients treated with anti-PD-1 therapy had less TCR repertoire diversity in pretreatment tumor samples. After the treatment course, this patient subset had increased TCR repertoire diversity and clonal expansion \[[@bb0025]\]. Given the varying results, additional studies are needed for validation of TCR as biomarker for immune checkpoint therapy.

3.5. Tumor Associated Antigens (TAA) {#s0040}
------------------------------------

Tumor cells express a diverse array of tumor associated antigens (TAAs) \[[@bb0030]\]. Anti-CTLA-4 therapy increases the production of TAA-specific antibodies. Anti-CTLA-4 therapy also increases the response of antigen-specific CD4+ and CD8+ T cell response in patients with melanoma, ovarian and prostate cancer \[[@bb0115],[@bb0120]\]. Melanoma patients in particular have high positivity for cancer-testis antigen NY-ESO-1. Melanoma patients treated with anti-CTLA-4 therapy who were positive for NY-ESO-1 were reported to have improved clinical outcomes compared to their counterparts who were negative for NY-ESO-1 \[[@bb0125]\]. Possibly confounding this finding is the fact that the sample size for the aforementioned patient cohort was small and received different doses of anti-CTLA-4 therapy. Therefore, additional investigation needs to be performed before NY-ESO-1 can be validated as a biomarker for CTLA-4 blockade efficacy.

Melan-A has also emerged as another potential biomarker for anti-CTLA-4 therapy. Studies investigating Melan-A discovered that this TAA is increased in melanoma and prostate cancer patients with improved clinical response to anti-CTLA-4 therapy \[[@bb0130]\]. Concurrently these patient subsets were also found to have improved overall survival. Van Allen, et al. published a study of melanoma patients treated with ipilimumab and discovered that the presence of granzyme A and perforin, two cytolytic factors in the tumor microenvironment, were also associated with improved clinical response \[[@bb0135]\]. The conclusion reached from this study was that anti-CTLA-4 therapy stimulates immune cell response against mutant genes. Patients with prostate cancer also treated with anti-CTLA-4 therapy were also observed to have enhanced TAA response \[[@bb0090],[@bb0105]\]. Further prospective studies investigating TAA response in the setting of cancer immunotherapy will need to be done to validate TAAs as a potential biomarker for anti-CTLA-4 therapy \[[@bb0090],[@bb0105]\].

3.6. Myeloid Derived Suppressor Cells (MDSC) {#s0045}
--------------------------------------------

MDSC are a heterogeneous cell population composed of both precursor and progenitor myeloid cells. MDSCs also function as antigen-presenting cells (APC) \[[@bb0030]\]. This cell population has been discovered in patients with various solid tumor malignancies including breast cancer, head and neck squamous cell carcinoma, non-small cell lung cancer (NSCLC), and pancreatic cancer \[[@bb0140]\]. Additionally, MDSC produce molecules that function in immunosuppression including arginase 1 (ARG1), IL-10, and transforming growth factor-beta (TGF- β) \[[@bb0030]\]. MDSC have emerged as a biomarker in cancer immunotherapy due to the role that CD14^+^/HLA^−^DR^low/−^ cells play in lymphocyte suppression. Poschke, et al. showed that elevation in MDSC activity is associated with increased melanoma disease activity \[[@bb0145]\]. Additionally studies have found that anti-CTLA-4 therapy decreases MDSC frequency and that decreased MDSC frequency is associated with improved survival outcomes \[[@bb0150], [@bb0155], [@bb0160]\].

3.7. Regulatory T Cells (Treg) {#s0050}
------------------------------

Regulatory T cells (Tregs) have an increased frequency in peripheral blood samples collected from cancer patients. T cells expressing FOXP3, previously considered a surrogate Treg marker, were associated with improved clinical response especially in breast and colorectal malignancies \[[@bb0165]\]. Subsequent studies discovered that the accumulation of both MDSC and Treg cells in patients undergoing cancer immunotherapy is linked to accumulation of CD4^+^FOXP3^+^CD25^hi^ cells \[[@bb0165]\]. Soluble CD25 can function to capture IL-2, a cytokine involved in T cell activation, and decrease anti-CTLA-4 antibody efficacy \[[@bb0090],[@bb0170]\]. In patients with malignant melanoma, soluble CD25 is associated with poorer clinical outcome \[[@bb0090],[@bb0170]\]. Additionally, accumulation of CD4^+^FOXP3^+^CD25^hi^ T cells is associated with antitumor immune suppression and poor clinical prognosis \[[@bb0090],[@bb0170]\]. Therefore, since FOXP3 expression alone is not a reliable biomarker for Treg activity, additional investigations have been performed to validate Treg response as a biomarker in cancer immunotherapy \[[@bb0175]\].

Since Treg expression becomes altered in patients with cancer undergoing immunotherapy treatment, the focus has shifted to investigating induced regulatory T cells (iTregs) as immunotherapeutic biomarkers. iTregs are the predominant in situ Treg subset \[[@bb0180]\]. Examples of overexpressed Tregs in various malignancies include CD39, latency-associated peptide (LAP), glycoprotein A repetitions predominant (GARP), and CTLA-4 \[[@bb0030]\]. Tregs constitutively express CTLA-4 and have high therapeutic potential \[[@bb0090],[@bb0105]\]. Studies investigating the role of Tregs in anti-CLTA-4 therapy found decreased circulating Tregs following treatment. Other Treg studies performed had results that were not consistent with this observation \[[@bb0030],[@bb0090]\]. Another confounding issue in validating Treg biomarkers is distinguishing between different types of Tregs. For example, researchers have focused on Kruppel-like factor 2 (KLF2), a transcription factor necessary for the development of iTregs \[[@bb0030],[@bb0180]\]. There remains no consensus on which Treg subset should be monitored in cancer immunotherapy, though consideration has been given to focus on a single subset, such as the CD4^+^CD39^+^CD25^+^, to follow disease-related changes with clinical response to immunotherapy treatment \[[@bb0030],[@bb0180]\].

3.8. Indoleamine 2,3-Dioxygenase (IDO) {#s0055}
--------------------------------------

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that breaks down tryptophan \[[@bb0090]\]. This breakdown process contributes to an immunosuppressive tumor microenvironment which results in T cell suppression and enhanced activation and recruitment of Tregs and MDSCs that further suppress T cell activity against the tumor cells. In animal studies, IDO expression induces resistance to anti-CTLA-4 \[[@bb0090]\]. Hamid, et al. found that high expression of IDO at baseline was associated with improved clinical efficacy of anti-CTLA-4 therapy in metastatic melanoma \[[@bb0185]\]. Further discussion on the inhibition of IDO as an synergistic anticancer strategy with anti-PD-1 therapy is discussed in the IDO subsection of the PD-1 biomarkers section.

3.9. Microbiome Profile {#s0060}
-----------------------

Recent studies have looked into the previous unknown role of the gut microbiome profile in influencing immune checkpoint immunotherapy. In animal model studies of anti-CTLA antibodies in solid tumor models, when animals stored in pathogen-free environments received broad-spectrum antibiotic treatment, CTLA-4 antibodies were observed to not have any effect in influencing tumor growth \[[@bb0105],[@bb0190]\]. When these animal models received feedings containing *B. fragilis* or *Bifidobacterium*, these models exhibited improvement in dendritic cell function resulting in improved T cell activation \[[@bb0190]\]. TIL and splenic CD4 + T cells from animal models treated with broad-spectrum antibiotics showed less production and proliferation of cytokines when treated with anti-CTLA-4 antibodies \[[@bb0105],[@bb0190]\]. When models were colonized with *Bacteroides* species received anti-CTLA-4 therapy, there was restoration in anti-tumor response \[[@bb0105],[@bb0190]\]. Furthermore, melanoma animal models transplanted with fecal *Bacteroides* species had improved clinical response when treated with anti-CTLA-4 therapy \[[@bb0105],[@bb0190]\]. Future directions for the study of the interplay of the gut microbiome profile in patients receiving cancer immunotherapy could help to understand how changes in the gut microbiome may effect clinical response to cancer immunotherapy.

4. Biomarkers for PD-1/PD-L1 Checkpoint Therapy {#s0065}
===============================================

PD-1 plays a role in inhibiting T cell activity in pro-inflammatory states and limiting autoimmunity \[[@bb0015]\]. When PD-1 receptors on T lymphocytes are activated and bound to its associated ligands, PD-L1 and PD-L2, this immune checkpoint works to inhibit T cell function. The PD-1/PD-L1 axis regulates T cell activation, prevents bystander tissue damage in pro-inflammatory states, and provides the mechanism for tumor cells to evade immune surveillance in the tumor microenvironment \[[@bb0030]\]. Following promising results in early clinical trials, the FDA approved nivolumab and pembrolizumab for patients with advanced melanoma in 2014 and in 2015 approved these therapies for patients with metastatic squamous and non-squamous NSCLC. Subsequently following this approval, a number of other anti PD-1 and anti PD-L1 antibodies have been approved for therapeutic purposes.

4.1. PD-L1 Expression {#s0070}
---------------------

With identification of and increased understanding regarding the PD-1/PD-L1 pathway, investigations sought to validate PD-L1 expression in tumor cells as a potential surrogate biomarker in patients receiving treatment with anti-PD-1 therapy. The premise behind this concept was that elevated tumor cell expression of PD-L1 correlates with immune evasion and results in poorer prognosis in patients treated with cancer immunotherapy. This association was supported by the results of the KEYNOTE-001 trial \[[@bb0090],[@bb0105]\]. A meta-analysis of close to 1500 patients receiving treatment with anti-PD-1 therapy (where two times as many patients with low or no PD-L1 expression tumor expression had positive clinical response compared to those with tumors with PD-L1 overexpression), revealed that this correlation did not hold true for all cancer types \[[@bb0195],[@bb0200]\]. Despite the approval of anti-PD-1 for a variety of solid tumor conditions, the studies to date support that PD-L1 overexpression in tumor cells may be a prognostic biomarker, but not a predictive biomarker \[[@bb0090],[@bb0105]\].

The incongruence with this observation may be attributable to different factors. PD-L1 expression may be influenced by tumor-infiltrating T cells producing IFN- γ, which in turn resulted in favorable clinical outcomes \[[@bb0090],[@bb0105]\]. Despite various immunohistochemistry staining techniques utilized, there is no standard protocol for analyzing PD-L1 expression \[[@bb0090],[@bb0105]\]. PD-L1 heterogeneity reflects a dynamic process wherein a tumor may not express PD-L1 at baseline but may have increased expression in inflammatory states or during metastatic disease \[[@bb0090],[@bb0105]\].

Despite issues with PD-L1 immunohistochemistry, malignancies with increased PD-L1 expression exhibited improved response rate, progression-free survival, and overall survival. For example, studies of melanoma patients undergoing treatment with nivolumab revealed that patients with PD-L1 expression had over twice the response rate and OS compared to their counterparts without PD-L1 expression \[[@bb0205]\]. Similar data was seen in melanoma patients with PD-L1 expression treated with combination nivolumab and ipilimumab immunotherapy \[[@bb0205]\]. In patients with NSCLC, 16 studies to date have been performed of which the majority of the studies showed higher response rates in patients with high PD-L1 expression in NSCLC tumors, although some studies reported no association between PD-L1 expression and response to anti-PD-1 therapy \[[@bb0210]\]. Multiple factors affect the generalizability of PD-L1 expression as a predictive biomarker that highlights the need for standardized and validated IHC assays \[[@bb0205],[@bb0210]\].

A reported mechanism of resistance to anti-PD-1/anti-PD-L1 therapy pertains to adoptive immune resistance where tumor cells escape T cell destruction via IFN- γ signaling which in turn results in PD-L1 expression \[[@bb0215],[@bb0220]\]. JAK kinases play an essential role in downstream signaling when exposed to IFN- γ. Whole exome sequencing performed on tumors from patients who initially had response to anti-PD-1 therapy but subsequently developed treatment-related resistance revealed JAK1/JAK2 mutations \[[@bb0220]\]. Loss-of-function mutations in the JAK1/2 signaling pathway inhibit antitumor activity and results in the activation of T cells to attack cancer cells \[[@bb0215]\]. During anti-PD-1 therapy, JAK1/2 mutations prevent PD-L1 expression upon IFN- γ exposure, thereby inhibiting the mechanism of anti-PD-1/PD-L1 therapy \[[@bb0220]\]. Manguso, et al. utilized in vivo CRISPR screening with melanoma mouse models highlighting that deletion of IFN- γ receptors and JAK1, JAK2, and STAT1 resulted in resistance to anti-PD-1 therapy \[[@bb0225]\]. This suggests that the JAK/STAT pathway may mediate tumor cell escape from response to immune checkpoint blockade.

4.2. Tumor Infiltrating Lymphocytes (TIL) {#s0075}
-----------------------------------------

Melanoma patients with high baseline TIL who received anti-PD-1 therapy are more likely to have positive clinical response to treatment \[[@bb0065]\]. Increased granzyme B activity in metastatic melanoma patients treated with anti-PD-1 therapy was also associated with a positive reponse \[[@bb0065]\]. Interestingly TIL was increased during both chemotherapy and radiation therapy. This observation may be driven by augmented by activation of CD8^+^ T cells and IFN-γ production during treatment with these modalities, which subsequently stimulates PD-L1 expression \[[@bb0065]\].

4.3. ALC and ANC {#s0080}
----------------

There have not been extensive studies investigating the predictive or prognostic value of ALC or ANC in anti-PD-1 therapy \[[@bb0070]\]. Lin, et al. performed a study of patients with intrahepatic cholangiocarcinoma treated with anti-PD-1 therapy and found that patients with increased NLR had an increased percentage of positive PD-1 T cells, but a decreased percentage of IFN- γ positive T cells \[[@bb0230]\]. More investigations are needed to study the association of ALC and ANC in patients treated with anti-PD-1 therapy.

4.4. Peripheral Blood Markers {#s0085}
-----------------------------

Studies have shown that PD-1/PD-L1 blockade resulted in augmented effector T-cell proliferation. Additionally, Yuan, et al. reported that the blockade of the PD-1/PD-L1 axis activates production of inducible T-cell alpha chemo-attractant (ITAC), IFN-γ, and IL-18 \[[@bb0030]\]. Based on the studies performed to date, it remains unclear whether there is any correlation between expression of the aforementioned peripheral blood markers and clinical response in patients receiving immunotherapy. Increased IFN-γ was associated with positive clinical response in melanoma patients treated with anti-PD-1 therapy, though this finding was not supported in NSCLC or renal cell carcinoma patients who also received anti-PD-1 therapy \[[@bb0235],[@bb0240]\].

Another potential peripheral blood biomarker is circulating monocytes. In single-cell analyses of patients with metastatic melanoma treated with anti-PD-1 therapy, the patients with clinical response exhibited classical monocytes (CD14^+^CD16^−^) with higher expression of ICAM-1 and HLA-DR. \[[@bb0245]\] This finding suggests that monocytes sustain the development of improved anti-tumor immune response during anti-PD-1 therapy \[[@bb0245]\]. Additional studies of melanoma patients treated with anti-PD-1 therapy revealed that patients with poor clinical response had deregulated intermediate (CD14^+^CD16^+^) and non-classical monocytes (CD14^−^CD16^+^) characterized by decreased expression of HLA-DR and inflammatory markers \[[@bb0245]\].

4.5. Indoleamine 2,3-Dioxygenase (IDO) {#s0090}
--------------------------------------

Some studies performed have revealed that certain subsets of patients with solid tumors exhibiting IDO overexpression respond well to anti-PD-1 therapy. A study of melanoma patients treated with anti-PD-1 therapy had elevated levels of both IFN-γ and IDO, expressed by tumor cells in the presence of IFN-γ \[[@bb0240]\]. Increases in IDO expression may indicate tumor-reactive T cells presence within the tumor microenvironment. Investigations into other patient cohorts, such as those patients with NSCLC or RCC, did not yield similar findings \[[@bb0240]\].

Another avenue of ongoing investigation is exploring the efficacy of utilizing combination therapy with anti-PD-1 therapy and anti-IDO-1 therapy. The phase I/II ECHO-202/KEYNOTE-037 trial utilized combination therapy to treat patients with a variety of malignancies including metastatic melanoma, head and neck squamous cell carcinoma, urothelial carcinoma, and renal cell carcinoma. Improved clinical efficacy was observed in 29 of 53 (55%) patients, including 7 patients who had complete response \[[@bb0250],[@bb0255]\]. The median progression-free survival (PFS) for patients receiving combination therapy was 22.8 months \[[@bb0250]\]. Despite the optimism resulting from these respective clinical trials, the recent phase III double blind ECHO-301/KEYNOTE-252 study of 706 patients with unresectable or metastatic melanoma concluded that the combination of anti-PD-1 and anti-IDO-1 therapies did not show improved PFS in this patient cohort compared to anti-PD-1 therapy alone \[[@bb0260]\]. Further studies are needed to validate IDO as biomarker in cancer immunotherapy.

4.6. Mutational Load {#s0095}
--------------------

Mutational load is associated with the number of somatic mutations in tumor cells. This concept is based on the higher number of mutations present. Tumor cells with high mutational load can augment CD4^+^ and CD8^+^ T cells specific for neoantigens \[[@bb0030]\]. PD-1/PD-L1 checkpoint blockade enhances endogenous immunity against mutated neoantigen-specific CD4^+^ and CD8^+^ T cells.

Investigations into anti-PD-1 therapy reveal a correlation between mutational load and treatment response. Patients with NSCLC identified with high mutational load showed clinical benefit to treatment with anti-PD-1 therapy \[[@bb0030],[@bb0090],[@bb0105]\]. Rosenberg, et al., based on a study of patients treated with anti-PD-1 therapy in bladder cancer, established two predictive factors: the molecular subtype of the tumor according to The Cancer Genome Atlas, and mutational load \[[@bb0265]\]. Rooney, et al. found a correlation between tumor cytolytic activity (cytolytic activity defined by increased perforin/ granzyme B levels) and mutational load in eight types of solid tumors including colorectal and lung cancer \[[@bb0270]\]. Tumeh, et al. discovered that melanoma patients who with improved clinical response following anti-PD-1 therapy had an increased amount of CD8^+^ T cells and TCR oligoclonality \[[@bb0025],[@bb0030]\]. Tumor cells with a high mutational load could serve as a biomarker for PD-1/PD-L1 checkpoint blockade immunotherapy at diagnosis and during evaluations of disease-related relapse.

The phase 2 CheckMate 568 trial which assessed the efficacy of combining nivolumab with ipilimumab in NSCLC determined that a tumor mutational load of at least 10 mutations per megabase was predictive of patients who would respond to this therapy despite their PD-L1 expression level \[[@bb0275]\]. In the phase 3 CheckMate 227 trial that assessed progression-free survival in NSCLC patients who received the combination of nivolumab with ipilimumab, NSCLC patients who had a high mutational load had significantly higher progression-free survival rates across all patient subgroups, 42.6% compared to 13.2% respectively with standard chemotherapy \[[@bb0275]\]. In patients with high mutational load, but low PD-L1 expression, such as with patients with small cell lung cancer (SCLC), the combination of nivolumab and ipilimumab appears to have improved clinical efficacy as opposed to nivolumab monotherapy \[[@bb0275],[@bb0280]\]. In the CheckMate 032 study, progression-free survival and overall survival rates with combination immunotherapy were higher in the patient subset with high tumor mutational load (21.2% and 30.0% for nivolumab monotherapy and nivolumab plus ipilimumab, respectively) compared with the low or medium tumor mutational burden groups \[[@bb0280]\]. Therefore, within the context of immunotherapy, high mutational load could be a predictive biomarker.

4.7. Mismatch Repair Deficiency (MMRD) {#s0100}
--------------------------------------

Le, et al. studied patients with hereditary non-polyposis colorectal cancer (HNPCC) who received treatment with anti-PD-1 therapy and found that mismatch repair deficiency could serve as a predictive biomarker for positive clinical resposne \[[@bb0285]\]. The mechanism behind MMRD is that the greater amount of mutations not resolved by DNA mismatch repair would increase the immunogenicity of HNPCC tumor cells \[[@bb0285]\]. MMR-deficient colorectal cancers have increased cytotoxic T cell infiltration, indicating a robust immune response. Lee, et al. analyzed MMRD as a predictive biomarker in multiple tumor types and proposed that testing for MMRD and microsatellite instability (MSI) will become the standard of care in any malignancy where MMRD is discovered \[[@bb0290]\]. In 2017, pembrolizumab received FDA approval for the treatment of malignancies with high MMRD or high MSI. This was the first FDA approval of a medication based on molecular aberration rather than cell type.

4.8. Microbiome Profile {#s0105}
-----------------------

Animal models of melanoma tumor cells treated with anti-PD-1 therapy and either *B. fragilis* or *Bifidobacterium* were observed to have augmented functionality of dendritic cells \[[@bb0295]\]. Another study by Routy, et al. of animal models with MCA-205 sarcoma and RET melanoma who were either untreated or treated with broad-spectrum antibiotics revealed that the antibiotic treatment compromised antitumor effects in the group who received anti-PD-1 therapy \[[@bb0295]\]. These results were similar to the studies of NSCLC patients treated with broad-spectrum antibiotics who had decreased progression-free and overall survival \[[@bb0295]\].

Routy, et al. also looked at the composition of gut microbiota in NSCLC and RCC who responded to anti-PD-1 therapy versus those patients who were non-responders. The study found that the commensal that was associated with favorable clinical outcome was *A. muciniphila* \[[@bb0295]\]. Gopalakrishnan et al. observed that melanoma patients treated with anti-PD-1 therapy had higher concentrations of *Ruminococcaceae*/*Faecalibacterium* which in turn enhanced immune surveillance and the functionality of effector T cells within the tumor microenvironment \[[@bb0300]\]. This same study also highlighted that those patients deemed to have an unfavorable gut microbiota (defined as a high concentration of *Bacteroidales species*) had impaired systemic and anti-tumor immune responses \[[@bb0300]\]. These findings from these studies underscore the therapeutic potential in modulating the gut microbiome during cancer immunotherapy. To further this point, Matson, et al. found that commensal microbiota composition in patients treated with anti-PD-1 therapy was associated with improved efficacy \[[@bb0305]\]. Additionally, the commensal microbiota associated with improved clinical response to anti-PD-1 therapy included *Enterococcus faecium*, *Collinsella aerofaciens*, *Bifidobacterium adolescentis*, *Klebsiella pneumoniae*, *Veillonella parvula*, *Parabacteroides merdae*, *Lactobacillus sp*., and *Bifidobacterium longum* \[[@bb0305]\]. Conversely, *Ruminococcus obeum* and *Roseburia intestinalis* were associated with poor clinical response to anti-PD-1 therapy \[[@bb0305]\]. This study also proposed that increased beneficial bacteria coupled with a lower frequency of bacteria with negative impact would be a stronger indicator of positive clinical response in cancer immunotherapy \[[@bb0305]\].

4.9. Human Leukocyte Antigen Class I (HLA---I) Genotype {#s0110}
-------------------------------------------------------

The human leukocyte antigen class I (HLA-I) genotype plays a role in the immune system\'s response to cancer \[[@bb0310]\]. The efficacy of both anti-CTLA-4 and anti-PD-1 therapies depend on the HLA class I--dependent immune activity \[[@bb0315], [@bb0320], [@bb0325]\]. Chowell, et al. studied 1500 patients with advanced melanoma and NSCLC receiving cancer immunotherapy at Memorial Sloan Kettering to analyze HLA-I variation at HLA-A, HLA---B, and HLA-C \[[@bb0310]\]. Heterozygosity at HLA-I loci was associated with improved survival outcomes in comparison to homozygosity at one or more HLA-I genes \[[@bb0310]\]. Homozygosity at HLA---B, and loss of heterozygosity (LOH) at HLA-I genes was associated with decreased overall survival \[[@bb0310]\]. The possible mechanism for this may involve increased cell surface expression of HLA-B expression and greater binding affinity of HLA-B alleles to a diverse array of peptides \[[@bb0330],[@bb0335]\]. Chowell, et al. also found that HLA-I homozygosity and low mutational load were also associated with decreased survival compared with patients who were heterozygous at each class I locus and had tumors with high mutational load \[[@bb0310]\]. HLA-I homozygosity and LOH at HLA-I represent genetic barriers to cancer immunotherapy.

With regard to the impact of HLA supertype on overall survival, melanoma patients undergoing either anti-CTLA-4 or anti-PD-1 therapy who were found to have B44 superfamily alleles had improved survival. Conversely patients with B62 alleles had significantly decreased overall survial \[[@bb0315]\]. The B44 superfamily alleles are influenced by a variety of HLA subtypes including HLA-B\*18:01, HLA-B\*44:02, HLA-B\*44:03, HLA-B\*44:05, and HLA-B\*50:01 \[[@bb0315]\]. B62 is activated by HLA-B\*15:01, which in turn impairs neoantigen recognition within the T cell receptor \[[@bb0315]\]. The positive clinical response associated with B44 alleles could serve as platform for continued investigations and immunotherapy development \[[@bb0310]\].

4.10. Neoantigens (NeoAgs) {#s0115}
--------------------------

Endogenous mutated cancer proteins, referred to as neoantigens (neoAgs), are present on the surfaces of tumor cells \[[@bb0340]\]. Neoantigens enable immune cells to distinguish themselves from tumor cells and are targets for immunotherapy. Previous studies identified neoAgs in several malignancies including cholangiocarcinoma, leukemia, melanoma, NSCLC, and ovarian cancer \[[@bb0345], [@bb0350], [@bb0355], [@bb0360], [@bb0365], [@bb0370]\]. In these studies where patients received either anti-CTLA-4 or anti-PD-1 therapy, the mutational load and increased neoAg frequency correlated with clinical response \[[@bb0340], [@bb0345], [@bb0350], [@bb0355], [@bb0360], [@bb0365], [@bb0370]\]. This finding is also similar to what has been observed in studies which have identified neoAg-reactive CD4^+^ and CD8^+^ T cells that have correlated the presence of these cells with improved clinical outcomes \[[@bb0340], [@bb0345], [@bb0350], [@bb0355], [@bb0360], [@bb0365], [@bb0370]\]. The findings from these studies point towards the emerging role of neoAg identification in cancer immunotherapy.

4.11. NK Cell Frequency {#s0120}
-----------------------

While anti-PD-1 immunotherapy has been successful in the treatment of certain patient subsets with cancer, there are patients who do not respond to this treatment modality. This lack of treatment response suggests the presence of immune cell-tumor interaction outside of the activity of cytotoxic T cells that impacts immune cell response to immunotherapy. Natural killer (NK) cells are cytotoxic lymphocytes that mediate immune response through chemokine and cytokine release \[[@bb0375]\]. Increased NK cell frequency has been reported to be a good prognostic factor in patients with solid tumors including metastatic prostate cancer, colorectal carcinoma, and melanoma \[[@bb0375], [@bb0380], [@bb0385]\]. Another function of NK cells within the tumor microenvironment is the recruitment of dendritic cells, specifically conventional type I dendritic cells (cDC1) \[[@bb0380]\]. cDC1s promote antitumor immunity via T cell recruitment and IL-12 secretion which in turn stimulates the productions of TILs \[[@bb0380]\]. A decrease in the number of cDC1s has been associated with poor prognosis in patients receiving immunotherapy \[[@bb0380]\]. Studies by Böttcher, et al. concurrently showed that NK cells or the associated XCR1 ligands can recruit cDC1s to the tumor microenvironment which in turn would elicit anti-tumor response and possibly make the tumor more responsive to immune checkpoint blockade \[[@bb0380]\]. FLT3L, another important cytokine involved in the anti-tumor response, has been linked to increased NK cell frequency \[[@bb0385]\]. To further support this finding, Barry, KC, et al. found that inhibition of CD96, an inhibitory receptor that is found on both NK cells and T cells, increases NK cell frequency and works synergistically with anti-PD-1 and anti-CTLA-4 immunotherapy \[[@bb0385]\].

4.12. Ki-67 Expression on PD-1^+^ CD8 T Cells {#s0125}
---------------------------------------------

In patients undergoing therapy with immune checkpoint blockade, Ki-67 has emerged as a surrogate biomarker for T cell proliferation. Tregs have the highest expression of Ki-67 \[[@bb0390]\]. Additionally, studies have shown that CD8 T cells that are Ki-67^+^ and PD-1^+^ also have a high expression of granzyme B, which highlights the potential cytotoxicity of these cells \[[@bb0390]\]. Furthermore, a study of NSCLC patients receiving anti-PD-1 therapy revealed that PD-1+ Ki-67+ CD8 T cells had lower expression of Bcl-2, an anti-apoptotic protein, along with increased expression of ICOS and costimulatory molecules CD27 and CD28 \[[@bb0395]\]. In prospective studies of patients with metastatic melanoma and NSCLC undergoing anti-PD-1 therapy, patients who were reported to have a positive post-treatment response were also found to have increased Ki-67 expression on PD-1+ CD8 T cells \[[@bb0390],[@bb0395]\]. While more validation, especially in other solid tumor pathologies, is needed to confirm Ki-67 as a surrogate biomarker for CD8 response, these studies highlight that early Ki-67 expression on peripheral PD-1^+^ CD8 T-cell anti-PD-1 therapy may be associated with positive treatment response.

4.13. Signatures of T Cell Dysfunction and Exclusion {#s0130}
----------------------------------------------------

In an effort to further define tumor cell escape within the microenvironment, Jiang, P, et al. developed Tumor Immune Dysfunction and Exclusion (TIDE) \[[@bb0400]\]. TIDE is a computational modality that models two primary mechanisms of tumor immune evasion: T cell dysfunction in tumors with increased cytotoxic T lymphocytes and impaired T cell infiltration in tumors with decreased levels of cytotoxic T lymphocytes \[[@bb0400]\]. In an analysis of patients with melanoma, the TIDE modality correlated the T cell dysfunction signature with tumor expression data to predict that melanoma patients with high correlation to T cell dysfunction would not respond to either anti-PD-1 or anti-CTLA-4 immunotherapy \[[@bb0400]\]. Conversely, in patients with malignancies with low expression of cytotoxic T lymphocytes, these patients may have positive treatment-related response to immune checkpoint blockade \[[@bb0400]\]. The utilization of the TIDE modality was helpful in identifying SERPINB9, a regulatory gene encoding for serine protease that inactivates granzyme B and is experimentally found to be highly expressed in patients who did not respond to immunotherapy \[[@bb0400]\]. Therefore, SERPINB9 may be a potential predictive biomarker for patients with malignancies resistant to immune checkpoint blockade.

5. Biomarkers for Anti-CD19 Chimeric Antigen Receptor (CAR) T Cell Therapy {#s0135}
==========================================================================

Adoptive CAR T cell immunotherapy is an emerging treatment modality being utilized in therapeutic protocols for a variety of malignancies. CAR T cells are genetically engineered autologous T cells that express chimeric antigen receptors against B-lineage antigen CD19 \[[@bb0405], [@bb0410], [@bb0415]\]. This antigen is expressed on tumor cells and the use of this CAR T cell therapy has been applied in the treatment of diffuse large B-cell lymphoma (DLBCL) and B-cell precursor acute lymphocytic leukemia (B-ALL) \[[@bb0420], [@bb0425], [@bb0430]\]. Studies investigating the efficacy of CAR T cell therapy have resulted in remission rates between 60 and 90% in both adult and pediatric patients with relapsed and refractory B-ALL \[[@bb0425], [@bb0430], [@bb0435], [@bb0440]\]. CAR T cell therapy has also been used to treat other malignancies though the remission rates reported have been mixed. The variability in response rates to CAR T cell therapy may be due to varying pre-conditioning regimens, and production and administration of the CAR T cells \[[@bb0405]\]. Ongoing investigative efforts have focused on studying the functional attributes of these cells using high-resolution single-cell analysis to develop more efficacious and safer therapies \[[@bb0405]\].

The development of biomarkers to assess CAR T cell therapy is based on the use of multiplexed single-cell analyses. Current evidence suggests that polyfunctional CAR-T cells may be a surrogate biomarker used to assess treatment efficacy \[[@bb0405],[@bb0445]\]. Studies analyzing the CAR T cell polyfunctionality have focused on Melan-A recognized by T cell 1 (or MART-1) specific TCR-engineered T cells. Studies looking into MART-1 specific TCR-engineered T cells reveal that TNF-α^+^IFN-γ^+^ polyfunctional T cell delayed disease-related relapse \[[@bb0450]\]. Further in vitro analysis of CAR T cell polyfunctionality highlighted that polyfunctionality was a better predictor of clinical response than CAR T cell cytotoxicity \[[@bb0405],[@bb0450]\]. Fraietta, et al. studied into biomarkers for responders in chronic lymphocytic leukemia (CLL) patients receiving CAR T cell therapy and identified that increased expression of memory-related genes including IL-6/STAT3 signatures can serve as a surrogate biomarker for complete response to therapy \[[@bb0455]\]. In this patient subset, highly functional CAR T cells produced STAT3-related cytokines, and serum IL-6 levels correlated with CAR T cell expansion \[[@bb0455]\]. Blockade of IL-6/STAT3 diminished CAR T cell proliferation \[[@bb0455]\]. Furthermore, CD27^+^PD-1^−^CD8^+^ CAR T cells with increased expression of IL-6 receptors correlated with clinical response \[[@bb0455]\]. Upregulation of cellular programs involved in effector differentiation, glycolysis, exhaustion, and apoptosis were associated with no response to CAR T cell therapy \[[@bb0455]\]. Patients with sustained clinical remission had increased frequency of CD27^+^CD45RO^−^CD8^+^ T cells before CAR T cell generation \[[@bb0455]\]. These findings highlight the potential of identifying biomarkers to determine which patients may potentially benefit from CAR T cell therapy.

6. Cutting-Edge Technologies for Biomarker Discovery {#s0140}
====================================================

6.1. Whole Exome Sequencing {#s0145}
---------------------------

The identification and clinical application of biomarkers for cancer immunotherapy requires several steps of validation including utilizing standardized tissue banking and studies incorporating large-scale, randomized, controlled clinical trials. Matsushita et al. and Castle et al. highlighted the use of cancer exome analysis to identify neoantigens recognized by CD8^+^ T cells \[[@bb0460],[@bb0465]\]. Multiple computational tools, such as EBcall, JointSNVMix, MuTect, SomaticSniper, Strelka, and VarScan 2, have been utilized to identify and compare specific tumor antigens in order to increase the accuracy of somatic single nucleotide variant (sSNV) calling \[[@bb0470],[@bb0475]\]. Additionally investigations have revealed that autologous T cells do not recognize all neoantigens. This variability of neoantigen discovery has created an avenue for the development of high-throughput technologies such as in vitro T cell culture protocols, MHC multimer flow staining, and TCR gene capture. These technologies work to filter whole exome data and to assess the diversity of the neoantigen specific T cell response \[[@bb0480], [@bb0485], [@bb0490], [@bb0495]\].

6.2. Gene Expression Technology {#s0150}
-------------------------------

Gene expression technology is a high-throughput tool used in the identification of biomarkers in cancer immunotherapy. This technology uses a single experiment to analyze multiple cell types. Gene expression technology can also identify intrinsic and extrinsic immunosuppressive molecules that in turn may serve as potential biomarkers and targets of immune checkpoint blockade \[[@bb0030]\]. This tool can analyze various cell types within the tumor microenvironment including tumor-associated macrophages, Th~2~ cells, and Tregs and can identify expression profiles associated with these cell types. Yuan, et al. report that the optimal application of gene expression technology involves incorporating utilities from other technologies including gene expression analysis, flow cytometry staining, B and T cell receptor deep sequencing, and multiplex immunohistochemistry (IHC) \[[@bb0030]\].

6.3. Epigenomic Technology {#s0155}
--------------------------

Epigenomics pertains to the investigation of cellular gene expression by analyzing DNA methylation patterns and histone modifications. These epigenomic components can potentially serve as reversible targets for cancer immunotherapy \[[@bb0500]\]. These components also include instructions in identifying different cell types. The functional interaction of these components is instructive in identifying the status of gene expression, chromatin organization, and cellular identity. DNA methylation and histone modifications also enhance the complexity of epigenetic regulation of gene expression, which in turn contributes to cellular identity and function \[[@bb0505]\]. The information from these components can deepen the understanding of cell-cell interaction in the tumor microenvironment \[[@bb0505],[@bb0510]\]. Epigenomics allows for a significantly broader range of acceptable sample conditions collected by clinical sites to account for the inherent stability of DNA markers \[[@bb0505], [@bb0510], [@bb0515]\]. While epigenetic therapy has intersected with cancer immunotherapy in the treatment of different tumor types, additional investigations will help to validate the application of epigenomics as a potential tool to identify immunotherapeutic biomarkers.

6.4. Proteomic Technology {#s0160}
-------------------------

Proteomics is a tool that has been used to identify biomarkers and monitoring their clinical response to cancer therapy. In the past, proteomics was limited to the analysis of just a few proteins at any given timepoint. With the development of high throughput technologies, proteomics now allows for simultaneous analysis of a multitude of proteins, including chemokines, cytokines, and soluble factors \[[@bb0520]\]. The application of proteomics has been the basis of several clinical studies, including IL-2 immunotherapy.

Immunoproteomics, an extension of proteomics, pertains to the investigation of immune proteins and peptides. The components of immunoproteomics include serologic proteome analysis (SERPA), serological analysis of recombinant cDNA expression libraries (SEREX), and protein microarray. These tools can identify TAAs and their associated antibodies \[[@bb0030],[@bb0520],[@bb0525]\]. SEREX, for example, was utilized in discovering NY-ESO-1 in sera from patients with different types of cancer \[[@bb0530], [@bb0535], [@bb0540]\]. These tools are impacted by assay preparation and specificity \[[@bb0030]\]. With ongoing modifications of proteomic microarray assays, immunoproteomics can be used to identify proteins and their binding properties, analyze post-translational modifications, and subsequently identify potential immunotherapeutic biomarkers \[[@bb0030]\]. The advantages of utilizing protein microarray technologies include the need for less sample volume for testing, improved sensitivity and specificity, and improved high-dimensional data generation \[[@bb0030]\]. Utilizing high-dimensional data generated from protein microarray provides a more specific representation of the immunologic processes occurring within the tumor microenvironment and clinical response of tumors to cancer immunotherapy.

6.5. Flow Cytometry and Mass Cytometry (CyTOF) {#s0165}
----------------------------------------------

Flow cytometry is a bioinformatics tool that characterizes the function of cells by exploring protein expression, cell subset frequency, cell function, immunophenotype, and ploidy \[[@bb0545], [@bb0550], [@bb0555]\]. This tool is also invaluable in investigating intracellular pathway activity which in turn provides more information regarding cell-cell interaction within the tumor microenvironment and how the microenvironment is influenced by immunotherapy \[[@bb0545], [@bb0550], [@bb0555]\]. Flow cytometry allows for investigations of large single cell populations utilizing parallel probes. This methodology subsequently allows for the analysis of function and phenotype of rare cell types \[[@bb0030]\]. One notable disadvantage with flow cytometry technology is that simultaneous biomarker analysis is limited by fluorescence spectral overlap as computational analysis and gating beyond the number of fluorophores allowed for in the apparatus increases in complexity as additional parameters are included \[[@bb0560]\].

During this same time period, a new single-cell analysis technology emerged to address the limitations of flow cytometry. Mass cytometry (Cytometry by Time of Flight, CyTOF) increases the number of deployable isotopes, novel nano-crystal configurations, and computational tools \[[@bb0565]\]. Mass cytometry uses heavy metal ion probes linked with chelation polymers which subsequently leads to a mass spectrometry readout allowing for the simultaneous detection of more unique markers \[[@bb0565],[@bb0570]\]. The limitations of this technology include slow collection speed (about 300 events/s), reduced cell recovery (typically recovery of 30% of viable cells), and high expense \[[@bb0565]\]. These limitations are mitigated by utilizing a single tube for antibody staining as opposed to creating an antibody panel consisting of several tubes \[[@bb0030]\]. Mass cytometry can analyze complex tissue types investigate intracellular pathways. Mass cytometry has previously been utilized to study epidermal growth factor receptor (EGFR) signaling, epithelial-mesenchymal transition, the *Wnt* pathway, apoptosis, survival, proliferation, DNA damage response, cell cycle, metabolism, embryonic stem cells and induced pluripotent stem cells \[[@bb0565]\]. The mass cytometry technology can be expanded to measure immune cell phenotypes and functions in tumor biopsies that can be used to identify prognostic biomarkers to assess a patient\'s clinical response to cancer immunotherapy.

6.6. B and T Cell Immunosequencing {#s0170}
----------------------------------

Immunosequencing is a high-throughput tool developed to investigate B or T cell receptor (BCR or TCR) sequences from a single sample \[[@bb0575], [@bb0580], [@bb0585]\]. Immunosequencing encodes functional immune receptors that initially exist in germline DNA as unique segments. Immunosequencing quantifies every B or T cell in a sample high sensitivity and precision. Immunosequencing also provides insights into the mechanisms of immunotherapy, measurements of immune system dynamics, and the potential for identifying prognostic biomarkers \[[@bb0030]\]. Tumeh, et al. applied immunosequencing to assess TIL clonality from stage II DNA mismatch repair-proficient colon cancer patients and observed that patients with below-median clonality and TIL were at increased risk for disease-related recurrence \[[@bb0025]\]. Assessment of TIL can also be applied to predict a patient\'s response to immunotherapy. When Tumeh, et al. applied assessment of TIL in melanoma patients being treated with anti-PD-1 therapy, patients exhibiting TIL beneath the median number and level of clonality were less likely to have clinical response to therapy \[[@bb0025],[@bb0590],[@bb0595]\]. These findings support the idea that TIL activation is involved in the mechanism of immune checkpoint molecule inhibition. Therefore, utilization of immunosequencing to further investigate TIL could potentially validate this measure as a predictive and prognostic biomarker.

6.7. Multiplexed Multicolored Immunohistochemistry (IHC) {#s0175}
--------------------------------------------------------

Multiplexed IHC technologies are being used to identify the presence of multiple biomarkers on a single tissue sample or a collection of different tissue samples. This technology detects the location of proteins within the microenvironment by utilizing immune-labeling with specific antibodies \[[@bb0600]\]. IHC utilizes antibody panels specific for a tumor subtype while maintaining optimal cell morphology \[[@bb0030]\]. Multiplexed and multicolored systems are then utilized in order to ascertain the spatial relationships of the proteins within the microenvironment \[[@bb0030],[@bb0600]\].

Multiplexed IHC characterizes the spatial relationships in tumors between stromal and immune cells. Multiplexed imaging samples uses morphological structures and cellular to identify cells and their intracellular compartments. Imaging analysis from multiplexed IHC includes information regarding the sample\'s phenotype, positivity/negativity counts, H-scoring, density measurements, and spatial point pattern analyses \[[@bb0600]\]. When applied to the study of biomarkers in cancer immunotherapy, multiplexed IHC has been used in the investigation of FOXP3^+^ Tregs, which are associated with poor clinical response to therapy \[[@bb0600]\]. Multiplexed IHC analysis of CD3, CD4, CD8, CD25, FOXP3, and Ki-67 could also provide more information regarding the role and function of Tregs within the context of anti-CTLA-4 therapy \[[@bb0600]\]. In a study of melanoma patients receiving anti-PD-1 therapy, multiplexed IHC has illustrated the density of CD8^+^ T cell infiltrates which in turn could potentially be applied as a predictive biomarker in the surveillance of patients undergoing anti-PD-1 therapy.

The multiplex staining bleaching methods include multi-epitope-ligand cartography, sequential immunoperoxidase labeling and erasing, multiOmyx platform, and CO-detection by indexing. The multiplex staining bleaching methods work by using bleaching procedures to study formalin-fixed paraffin-embedded (FFPE) tissue samples, which is then repeated several times to identify multiple antigens in a single tissue sample \[[@bb0600]\]. Multi-epitope-ligand cartography allows for co-localization and detection of a large number of proteins with high functional resolution, though is limited by cost, longer sampling time, and imaging being limited to a single microscopic medium-to-high power field \[[@bb0600]\]. Sequential immunoperoxidase labeling and erasing is compatible with antibodies from the same species and allows for analysis of multiple antigens, but is limited by a maximum of 5 antibody labels per section \[[@bb0600]\]. MultiOmyx platforms allow for the analysis of up to 60 biomarkers per slide, but are limited by longer sampling time \[[@bb0600]\]. CO-detection also allows for the analysis of multiple markers and eliminates autofluorescence, but is also limited by sampling time and has limited use with FFPE \[[@bb0600]\].

Multiplex signal amplification techniques allow for the simultaneous detection of multiple biomarkers. The multiplex signal amplification techniques include multiplex modified hapten-based, tyramide signal amplification, and nanocrystal quantum dots. The examples of mass spectrometry imaging include mass cytometry (discussed earlier), multiplexed ion beam imaging, and matrix-assisted laser desorption/ionization. Multiplex modified hapten-based is a fast technique (approximately 2 h) and utilizes a cocktail of markers, but only utilizes 4 markers per slide \[[@bb0600],[@bb0605]\]. Tyramide signal amplification is compatible with primary antibodies from the same species, but is limited by 7 markers per slide. Nanocrystal quantum dots, similar to CO-detection, eliminates autofluorescence, but is the limited number of nanocrystals that possess the proper chemistry to attach themselves to their targeted molecule \[[@bb0610]\].

Mass spectrometry imaging (MSI) is a technique used to visualize the spatial distribution of chemical compositions. The MSI modalities include mass cytometry (discussed previously), multiplexed ion beam imaging, and matrix-assisted laser desorption/ionization. Multiplexed ion beam imaging, similar to mass cytometry in function, allows for simultaneous labeling of up to 100 antibodies with metals, but like mass cytometry is limited by sampling time and small area of sampling \[[@bb0600]\]. Matrix-assisted laser desorption/ionization can identify the presence of multiple proteins, peptides, and small molecules within biological tissues without having to pre-select antibodies or other detection-biasing reagents, but is limited by a relatively low sensitivity and the inability to quantitatively compare signals from different antigen molecules due to differences in ionization characteristics \[[@bb0600]\].

Multiplexed and multicolored IHC can further our understanding of the cellular interactions in the microenvironment. The knowledge gained from this can in turn be used to identify potential immunotherapeutic biomarkers.

6.8. Radiomics {#s0180}
--------------

Radiomics is a new modality that is being utilized to discover new biomarkers in cancer immunotherapy. The radiomics biomarker, or radiomics signature, is comprised of contrast-enhanced CT images and RNA-seq genomic data acquired from biopsies of patients with metastatic solid tumors to quantify tumor infiltration of CD8 cells \[[@bb0615]\]. As a corollary to the MOSCATO trial conducted in France from 2012 to 2016, patients with solid tumor malignancies receiving treatment with either anti-PD-1 therapy or anti-PD-L1 therapy were assessed utilizing the aforementioned modalities to determine a radiomic score \[[@bb0615]\]. Those patients who received a high radiomic score, or high CD8 score, were associated with positive treatment response at 3-and 6-months post treatment and higher rates of overall survival \[[@bb0615]\]. There are currently 27 ongoing clinical trials in patients receiving anti-PD-1/anti-PD-L1 treatment that utilize this methodology \[[@bb0615]\]. The use of radiomics continues to grow in prospective studies as radiomics offers an efficient, cost-effective, non-invasive, and reliable alternative to assess for predictive biomarkers in cancer immunotherapy.

7. Conclusion {#s0185}
=============

Immune checkpoint molecules and understanding the implications for therapeutic checkpoint blockade underscore the importance of learning more about tumor immunology, the interaction of immune cells and tumor cells within the microenvironment, and the role that tumor neoantigens play in promoting tumor growth and exploiting neoantigens for therapeutic potential. To date therapeutic interventions targeting immune checkpoint molecule blockade has shown promising results in treating various malignancies including melanoma, non-small cell lung carcinoma, bladder cancer, and Hodgkin\'s lymphoma. Concurrently there are still avenues for continued investigation including, but not limited to understanding which patients are ideal candidates for immune checkpoint molecule blockade therapy, treatment-specific biomarkers to monitor treatment response, the utility of monotherapy checkpoint molecule blockade versus combination therapy (for example incorporating into the treatment plan the use of additional checkpoint inhibitors, adjuvant chemotherapy, or adjuvant radiation therapy), and the appropriate management of treatment-related side effects. Further research into tumor immunology will substantiate our understanding of immune checkpoint molecules and functional interactions of immune cells within the tumor microenvironment with the hope of identifying biomarkers with specific clinical correlation and developing more efficacious and safe therapies.
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